Abstract: The study of enzyme substrate specificity is vital for developing potential applications of enzymes. However, the routine experimental procedures require lot of resources in the discovery of novel substrates. This article reports an in silico structure-based algorithm called Crius, which predicts substrates for enzyme. The results of this fragment-based algorithm show good agreements between the simulated and experimental substrate specificities, using a lipase from Candida antarctica (CALB), a nitrilase from Cyanobacterium syechocystis sp. PCC6803 (Nit6803), and an aldo-keto reductase from Gluconobacter oxydans (Gox0644). This opens new prospects of developing computer algorithms that can effectively predict substrates for an enzyme.
Introduction
Enzymes are exquisitely selective catalysts, with high substrate specificity. 1 The specificity is determined by their three-dimensional structure, especially the structure of the active site which is complementary to the transition state of the reaction. 2 Discovering substrate molecules with potential applications or bioactivity is critical for enzymatic investigations. However, the routine method for the discovery of novel substrates is though in vitro experimental exploration, which is limited by cost, labor, and the Additional Supporting Information may be found in the online version of this article. investigator's prospecting. 3 Currently, less than one percent of proteins have experimentally verified biochemical activities. 4 This situation may be greatly improved by utilizing computational methods. 5 Owing to the extensive and rapidly growing protein structure data currently available, it is more and more feasible to use the enzyme structure (crystal or homology modeling) to predict the activity of an enzyme with high precision. 6 Molecular docking is considered the state of the art method for the structure-based prediction of enzyme substrate in many investigations [7] [8] [9] because of its balance between computation speed and accuracy towards the analysis of the enzyme-substrate nonbonding interaction. 10 The primary hypothesis behind this kind of methods is that a substrate or its corresponding intermediate should possess strong binding affinity in the complex with the enzyme. Therefore, the predicted top binders may indicate their potential for subsequent experimental evaluations. However, these prediction protocols may have serious defects. 11 First, the quality of the docked pose is essentially more important than the estimated binding affinity. 12 Second, the only complex accessible to standard docking is the ground-state Michaelis complex, and this complex is neither directly competent for turnover nor for the form of the substrate that the enzyme structure is preorganized to recognize. 13 Furthermore, the newly discovered natural or nonnatural substrates are frequently found to be absent from the compound databases. Thus, the scope of the screening strategy in these studies is inevitably limited by the presence of compound data.
Here, we present a novel in silico method to predict potential substrates for enzymes. The method is aimed at finding variations of a given family of substrates by determining the activity of the targeted enzymes. Based on the known structure and catalytic mechanism of an enzyme, this method predicts variations that could be the foundation for further laboratorial and industrial development rather than identify natural substrates in vivo.
Different from methods described above, our algorithm builds substrates according to the enzyme structure instead of using a screening strategy. This fragment-based strategy provides an elegant description for potential substrates. 
Results

Algorithm
Our algorithm explores the chemical space of a substrate by stochastic sampling chemical fragment probes (Fig. 1 ). To explore potential active substrates, a seed structure is used to represent the functional atoms of a substrate interacting with the active site of the enzyme. It can be seen as a subset of atoms from the substrate, which possesses all the functional chemical groups for the target enzymatic reaction and is fixed in space during the evolution. A near attack conformation (NAC) model 16 is used to mimic the transition state for the enzyme-seed complex structure. The theoretical background and application of this NAC model are fully illustrated in our previous work. 17 The substrate is shaped through multiround of random sampling by gradually growing fragments from the seed. Each time the program randomly selects one fragment candidate out of a fragment library and randomly selects a hydrogen atom on the fragment to be a reference atom for connecting the fragment with the growing site of the seed. Then the hydrogen atom is deleted and the valence left on the corresponding heavy atom is used for connection. The new structure is evaluated referring to the valence and GAFF forcefield parameters, then the fragment is oriented and a single bond is created between the seed and that fragment. The enzyme structure is mapped into a three-dimensional grid in advance to avoid the improper atom contacts, where each cube's default edge length is 1.0 Å . The dihedral angle between the fragment and the seed is sampled rotating around the single bond with an increment of 15 degrees by default.
The Metropolis Monte Carlo sampling strategy is used here to guide conformation sampling. Based on the energy profile obtained, the partition function of probability distribution for different conformations is determined by the Boltzmann factor. 18 A Roulette-Wheel selection algorithm 19 is used to choose conformation to step into the next round of iterations. By allowing conformations without lowest binding energy to proceed is necessary for avoiding the evolution being trapped in local minima. Due to the NP-HARD complexity, as the total number of atoms increases, the chemical space for fragment combinations grows explosively. A terminal condition is defined by the number of how many known molecules are repeated before a new molecule is discovered. It is implemented by constantly comparing the canonical SMILES string (simplified molecular-input line-entry system) of outputs.
Fitness evaluation
The fitness of fragments is vital for the construction of rational substrate structures. The potential energy function includes six pairwise atomic terms (Eq. 1). The nonbonded interactions-Van der Waals and electrostatics energy and bonded interactions-bond, angle and dihedral energy are adopted from the Amber/Gaff forcefield. The solvation free energy is calculated using the method and parameters developed by Choi et al.
The fitness score used for the evaluation of fragments estimates the binding free energy change introduced by a new fragment during structure evolution. This free energy difference between the enzyme-seed complex (ES) and enzyme-seed-fragment complex (ESF) is represented in Eq. 2.
Validation on an aldo-keto reductase and a nitrilase
To test the effectiveness of our method, our algorithm was used to replicate the results from experiments. We chose two distinct enzymes, namely Gox0644 and Nit6803, to carry out the de novo design of substrates towards their known substrates. Both the aldo-keto reductase AKR5C3 from Gluconobacter oxydans (Gox0644) and nitrilase Nit6803 from Cyanobacterium syechocystis sp. PCC6803 possess broad substrate specificities with important biological functions and great biotechnological interests. Many of their substrates are important intermediates in the synthesis of various pharmaceuticals and natural products. 21, 22 Prior to the simulation, the catalysis mechanism and structure-function relationship of the two enzymes were carefully investigated. Crystal structures of Gox0644 (PDB code 3WBW) and nitrilase Nit6803 (PDB code 3WUY) determined in our previous studies were used. The seed structure is derived by docking the productive conformation of the optimum substrate into the active center of the enzyme first and then trimming the branches leaving only the functional core atoms. The docking was performed with constrains between the optimum substrate and the key catalytic residues and coenzyme such as NADPH, incorporating all the essential interactions simultaneously, following the building approach of the NAC model. The details of generating each seed-enzyme complex structure for the enzymes can be found in Supporting Information Material.
Here, our method was first verified by the de novo design towards the known aldehyde substrates of Gox0644 from the experiment 23 (Supporting Information Table S1 ). For efficient generation of these substrates, six different types of fragments were used, namely the carbon atom, oxygen atom, chlorine atom, ethyl, benzene, and nitro group. The total number of atoms to be added to the seed was set from 3 to 9. The terminal condition was set to 1000 (Max_attempts_per_growth) and the same setting was applied to the other enzymes. A total number of 693 potential substrates were generated for Gox0644 and 9 out of 14 known aldehyde substrates of Gox0644 were successfully reconstructed by our algorithm (Fig. 2) . Five structures from the experiment failed in regeneration, namely 2-nitrobenzaldehyde, benzaldehyde, DL-glyceraldehyde, 2,4-dichlorobenzaldehyde, 4-methoxybenzaldehyde. All of them possess low relative activities, which implies they might suffer poor binding energy from bumps or improper interactions with the enzyme structure in the simulation.
Similarly to the Gox0644, 28 known nitrile substrates of Nit6803 were obtained from literature 24 (Supporting Information Table S2 ) and used to evaluate our algorithm. For efficient generation of the known substrates, 12 different types of fragments were used, namely the carbon atom, indole, aniline, anisole, benzene, chlorobenzene, cyanide, ethene, naphthalene, pyridine, thiophene, and toluene groups. Due to the wide substrate spectrum of Nit6803, the number of atoms to be added to the seed was set from 2 to 11. The total number of output substrate candidates increased to 1532 correspondingly. Again, 18 out of the 28 experimentally verified substrates were successfully reconstructed (Fig. 3) . A few substrates from experiments failed in exploration, including but-3-enenitrile, (E)-but-2-enenitrile, fumaronitrile, (E)-hex-3-enedinitrile, 2-(2-chlorophenyl) acetonitrile, benzonitrile, 2-(1H-indol-3-yl) acetonitrile, 2-(o-tolyl) acetonitrile, 2-(4-hydroxyphenyl) acetonitrile, and 2-chlorobenzyl cyanide. Same as Gox0644, those substrate with lower relative activities are more likely to fail in the generation than the others.
It is worth mentioning that the experimentally validation of the substrates in the literature do not represent the precise number of the substrates of Gox0644 and Nit6803. Since the complete substrate spectrums of these enzymes are wide and the investigations cannot afford to cover the whole spectrums all at once, the experiment results only provide a small subset of all the potential substrates. On the other hand, the chemical similarity maps of generated substrate candidates for Gox0644 [ Fig. 2(B) ] and Nit6803 [ Fig. 3(B) ] provide an intuitionistic expression of the catalytic preferences in chemical space. The similar property principle indicates that structurally similar compounds tend to exhibit similar properties. 25 Therefore, these clusters with known substrates may possess notable activity with higher possibilities but relatively lower novelty in chemical structure. Those clusters without any known experimental data could be a novel research area for the future development of enzymes.
Demonstrate the application on a lipase
Following the validation using Gox0644 and Nit6803 proved that the predicted substrates are consistent with their experimentally determined activities, a demonstration of the application of our method for the future development of enzymes was carried out with Candida antarctica Lipase B (CALB). As mentioned above, many of the substrate candidates were not able to be confirmed and some of them may be useful for the further application of the enzymes. In this test, we conducted experiments to verify a portion of the results from the simulation and demonstrate a feasible workflow for the guidance of experiment using our method. CALB was chosen because it has been widely used in academic and industrial laboratories with a great number of registered patents and various applications. We believed that there are still plenty of novel substrates could be easily found with our method, after lots of investigations over the years. For clear and straightforward experimental verification, the hydrolysis of ester was chosen as the target reaction, for which it possesses a definite theoretical mechanism. To reduce the scale of hunting for novel substrates, the focus was to further narrow down to a particular group of esters, acetate esters. In this way, the common product of acetate esters hydrolysis, acetic acid, could be consistently analyzed by HPLC.
According to the preference of CALB, the total number of atoms to be added to the seed was set from six to nine and the fragments used contained a carbon atom, oxygen atom, chlorine atom, ethene, and benzene group. A total number of 879 structures were generated [ Fig. 4(C) ]. These structures were then transformed into chemical names by ChemScript in ChemBioOffice and their chemical names were used to search for matched reported substrates in Google Scholar. Among them, 8 substrate candidates [ Fig. 4(A) ] were instantly confirmed as active by literatures. [26] [27] [28] [29] [30] [31] The rest of the compounds were further filtered by SciFinder and 12 candidates were chosen for further validation due to their commercial accessibility at moderate cost [ Fig. 4(B) ]. The activities of these substrate candidates were confirmed experimentally and all 12 novel substrates exceed the conversion rate of 20% after 24 h (Fig. 5) . Among these substrates, the 3-methoxybutyl acetate and 2-methylpentyl acetate used in the experiment were racemic. According to the amount of substrate and product, both enantiomers were active substrates. In fact, both (R)-2-methylpentyl acetate and (S)-2-methylpentyl acetate were observed to be included in the structures discovered. This is in complete accord with previous studies that CALB shows little enantioselectivity with this position. 32 
Discussion
Here, we present an algorithm that generates novel substrates for enzymes by assembling molecular fragments likely to fit in the active site of interest.
To validate the reliability of our algorithm, Crius was used to perform de novo design upon three different enzymes separately. Not only is their function totally unrelated, but their structure and mechanism also are very distinct. Consequently, all three in silico trials proved that our algorithm is valid and robust. Considering that all simulations were accomplished within 48 hours with a cluster of 192 CPU cores, this algorithm can be seen as a state-of-theart high-throughput method for the guidance of enzyme developments. The intent of the method is identical to the experimental high-throughput screens of enzyme substrates where negative results may result from issues unrelated to the intrinsic activity of the enzyme, such as imperfections in the activity assay, low expression yield, and protein aggregation. Similar to its experimental counterpart, our technique focuses on identifying potentially interesting substrates for further in-depth study. In order to make the method computationally feasible, approximate treatment of structural flexibility of the enzyme is adopted. Additional measures to consider the protein flexibility may improve the precision in future studies. Since de novo design is not a totally new idea, similar idea had been used in drug design for years such as LUDI, SPOUT. 33, 34 However, these programs are designed to build an inhibitor, which is a 'sticky' molecule that could efficiently bind to enzyme and probably suppress or destroy the catalytic activities, in order to find target molecules for new drugs. In contrast, our algorithm builds a molecule in a different way, we take care of how to preserve and strength the activities in the whole evolution process. Take LUDI for example, it scans the active center, and locates some potential fragments that may have high binding strength and then tries to connect the fragments to generate a new molecule. In this process, users cannot control the fragment to meet the basic demand for a substrate. Furthermore, the subsequent scoring and optimization target is different too as discussed in the previous sections. Thus, it is hard to use LUDI to effectively design substrates for enzyme. And based on the same reason, other de novo drug design programs such as SPROUT, may not be applicable too. We hope our work will inspire more future development on this very specific important topic of enzyme substrate prediction and more and more useful tools can be brought forward. Therefore, Crius has been made an open source software which is available free of charge to everyone.
Materials and Methods
Code implementation
Crius is mainly written in Python, which is composed of a series of modules. Pymolecule written by Jacob Durrant 35 is the basic module forming the basis for most other higher level function modules. In Pymolecule, essential modifications were made to support our algorithm. OpenBabel 36 is adopted to determine the similarity between molecules generated and used to assign proper hydrogen atoms to molecules. Antechamber 37 from Amber Tools written by Junmei Wang designed to be used to assign GAFF atom types and generate partial charges (Gasteiger charge model) during the de novo design of substrate. The Natural Extension Reference Frame (SN-NeRF) algorithm designed by Parsons et al. 38 is adopted to compute fragment coordinates.
To accelerate the speed of simulation with multiprocessor or cluster computers, MPI-based parallel computing is implemented in Crius using MPI4PY. 39 Crius is an open sourced with GNU GPL v3. In the hydrolysis activities assay of acetate esters catalyzed by CALB, 10 mM substrate was combined with 7.0 mg catalyst (Novozym 435) and 15mM Tween-80 in 100 mM sodium phosphate buffer (pH 7.0, 1 mL final volume), and the mixture was incubated at 308, 200 r/min, 24 h.
The degree of hydrolysis was followed by reverse-phase HPLC (Agilent 1100 series) on a Zorbax SBAq column (4.6 mm 3 250 mm, 5 lm) (Agilent Technologies, USA). The elution was performed with a mobile phase of ammonium dihydrogen phosphate (0.04 mol/L pH 2.6). The flow rate was 1 mL/ min. The formation of acetic acid was measured at the absorption wavelength of 210 nm to indicate the degree of hydrolysis catalyzed by CALB. All the experiments were performed in triplicates.
